The transformed cell line Py-6 was derived from an infection of the mouse cell line 3T3 by wild-type polyomavirus and was intended to serve as a host for the selection of transformation-defective mutants (2) . Various observations have pointed to the absence of a complete wild-type polyomavirus genome in Py-6 cells. The viral mRNAs and viral proteins produced in Py-6 have been somewhat characterized (17, 18) . At least a fragment of the viral mRNA sequences corresponding to the carboxyterminal portion of large T antigen (HpaII fragment 2; see Fig. 1 ) is missing (17) . The absence of intact large T antigen and the presence of a potential large T-antigen fragment have been reported (18) , and the absence of normal nuclear fluorescence has been noted (Benjamin and Fluck, unpublished observations). It has also been shown that Py-6 cells cannot complement the replication defect of ts-a mutants, indicating that the large T-antigen function involved in viral DNA replication is not present in Py-6 cells (7). These observations are compatible with the suggestion that replication-competent large T antigen cannot be maintained in mouse cells in the presence of a functional viral origin of replication (6, 19) . The Py-6 cell line has been very valuable in the selection of transformation-defective mutants of the hr-t type and for many years provided the only host on which these mutants could be plaque purified. During those years, no rescue of wild-type virus was detected in stocks of hr-t mutants plaque purified on Py-6. Recently, with the availability of more sensitive techniques, we have discovered that some of the Py-6 polyomavirus sequences can be rescued and packaged as defective virions. Studies concerning the origin and structure of this defective genome and its biological properties are presented in this report. 
MATERIALS AND METHODS
Cells and infections. NIH 3T3 (16), Py-6 (2), and Fischer rat fibroblast F-111 (8) cells were maintained in Dulbecco modified Eagle medium supplemented with 10% bovine serum and cultivated in a 5% CO2 atmosphere. Mouse embryo and baby mouse kidney cultures were established from 15-day-old embryos or 21-day-old babies of ICR Swiss mice (Harlan Industries). Mouse embryo cultures were infected as secondary or tertiary cultures. Infections of NIH 3T3, Py-6, mouse embryo secondary, and F-111 cells were as previously described (6, 7) .
Viruses. hr-t mutants B-2, 30'b, A-11, 3B-2, and 3A-3 have been previously described (3, 14) . All stocks of mutants used in this study had been grown from plaques purified in the past by isolation on a Py-6 monolayer (24) . For the purpose of this study, mutant B-2 was plaque purified on NIH 3T3 cells where indicated. Conditions for the plaque assays of hr-t mutants have been described before (7) . After plaque purification, stocks were routinely grown on baby mouse kidney cells.
Isolation of transformed cell lines. Infections of the Fischer rat cell line F-111 were as previously described (6) . Transformants from the F-111 infections were selected by focus formation and cloned by further selection for anchorage independence in agar as previously described (6) . These clonal cell lines were designated Fdf-1 through -30. F refers to the F-111 background, and df refers to the defective sequences responsible for the transforming event. Cell lines Fdf-1, Fdf-16, Fdf-21, and Fdf-27 were derived from the defective viral genomes of Py-6 origin present in hr-t mutant stocks A-11, 3B-2, 3A-3, and 30'b, respectively.
Analysis of viral sequences. Extractions of low-molecularweight DNAs were performed 72 h after infections by using the Hirt procedure (15). Standard procedures were followed for the isolation of high-molecular-weight DNA, restriction endonuclease analysis, gel electrophoresis, Southern blot- ting (23) , and hybridization. These procedures have been described elsewhere (9) .
RESULTS
Map of the integrated viral sequences in Py-6. We have analyzed the integrated polyomavirus sequences in Py-6 cells by restriction endonuclease digestion and Southern blotting (6) . Figure 1 shows a physical map of polyomavirus, with the endonuclease sites relevant for our analysis. Such an analysis is shown in Fig. 2 . Fragments predicted from digestion of wild-type viral DNA are indicated in Fig. 2 by open circles. A fragment encompassing the region encoding middle and small T antigens appears identical in size (1,473 base pairs [bpj) to that found for wild-type virus (Fig. 2 , lane BglIIRI). An intact fragment (1,831 bp) containing the enhancer, the origin of replication, the early TATA box, the middle (and small) T-antigen coding sequences, and the middle T-antigen termination codon is also present (Fig. 2 To further characterize the anomalous viral sequences, Py-6 genomic DNA was analyzed with MspI (an isoschizomer of HpaII). Digestion with this enzyme produces few of the predicted viral fragments (Fig. 3) . As expected from the results presented above, fragments 4, 5 and 7, which encompass the origin and the middle T-antigen sequences, are present and intact (Fig. 3A) . Sequences hybridizing to fragment 2 (normal size, 1.1 kb) are detected mainly in two fragmetns of 0.65 and 0.55 kb (Fig. 3B ). These two fragments also hybridize to HpaII-MspI fragment 3 (not shown). We have used this doublet as diagnostic of the unusual Py-6 sequences in further experiments. Sequences hybridizing to the coding region of the late capsid proteins (HpaII-MspI fragment 1) are also present (data not shown). Some of these sequences are contained in a fragment whose size corresponds to one of the two halves of the split HpaII-MspI fragment 1 characteristic of the P16 virus (11) . It is likely that the wild-type virus used for the generation of the Py-6 line was of P16 origin. The other portion of the late region is not present in intact form.
As is obvious from the data presented in Fig. 2 and 3 , a precise map of the integrated sequences in Py-6 cannot be derived simply from Southern blotting. The best interpretation of the data suggests that the viral sequences, which are contained on a single restriction fragment of BgIII (an enzyme without cleavage sites in the polyomavirus genome; data not shown), form tandem repeats of incomplete genomes with scrambled sequences. Previous reports have determined the amount of integrated viral sequences to be 2.4 genome equivalents (17) .
The virus-specific RNAs present in Py-6 cells have been characterized (17) . S1 nuclease digestion with RNA in excess showed 100% protection of HpaII fragments 5, 4, 7 and 8, that is, a complete set of sequences for middle T antigen. Apparently, there is an incomplete set of sequences for the carboxy terminus of large T antigen, including 60% of fragment 2 and 13% of fragment 6. In addition, viral mRNA sequences contain 86% of fragment 3 as well as 47% of the late fragment 1, both synthesized from the anti-late strand (17) . The large T-antigen characterization has described Amplification of the integrated sequences upon infection of Py-6 cells. When Py-6 cells are infected with polyomavirus strains that code for an intact large T-antigen, the integrated polyomavirus sequences apparently amplify, excise from the host genome, and appear in a low-molecular-weight DNA fraction (Hirt supernatant [15] ) (Fig. 4) . The hr-t mutant B-2, which, like all hr-t mutants, encodes a wild-type large T antigen (7) but whose genome can be distinguished from that of the wild type by a deletion of 241 bp in the middle T-antigen region (3), was used to infect NIH 3T3 and Py-6 cells. Hirt supernatant DNAs were digested with restriction endonuclease MspI. In the case shown in Fig. 4 , HpaII-MspI fragment 4 sequences of wild-type size appear in Py-6 infections in addition to the deleted fragment 4 sequences typical of the hr-t mutant (Fig. 4B, lane 2) . The parallel infections of NIH 3T3 cells with the same hr-t viral stock yield only the expected deleted fragment 4 of the hr-t virus (Fig. 4B, lane 4) . Furthermore, the diagnostic Py-6 fragments of 0.65 or 0.55 kb described above also appear in the Hirt supernatants (Fig. 4A, lane 2) of infected Py-6 cells, but not in infected NIH 3T3 cells (Fig. 4A, lane 4) . Thus, the infection of Py-6 cells seems to rescue some integrated viral sequences. The amount of rescued sequences appears proportional to the multiplicity of the infecting virus parent (compare lanes 2 and 3 in Fig. 4A ) and thus may be proportional to the amount of large T antigen present, since the increase in the percentage of cells infected between a multiplicity of 1 and 10 PFU/cell (-65 to >90%) is not significant compared with the increase in viral sequences.
No viral sequences are found in the Hirt supernatants of uninfected Py-6 cells (Fig. 4A, lane 1 the genome of the Py-6df virus. The tandem repeat integration pattern of the Py-6df sequences is reminiscent of the pattern of integration in the presence of an active large T antigen (1) and suggests that the large T-antigen function of the helper participated in the integration of the Py-6df sequences. The properties of the transformed rat cells derived from infections with a Py-6 defective virus are described elsewhere (21) .
DISCUSSION
The experiments presented here describe the structure of integrated polyomavirus sequences in the transformed mouse cell line Py-6 as well as their excision, amplification, and rescue as viral particles upon superinfection with a helper virus. In Py-6, the viral sequences appear to be integrated as tandem repeats of nonidentical incomplete genomes, including scrambled sequences and an apparently intact origin plus middle and small T-antigen-coding region. As mentioned above, these results are generally consistent with an earlier determination of the number of viral genome equivalents obtained by liquid hybridization (17) of the sequences present in the viral mRNA, also obtained by liquid hybridization (17) , and of the size of a large T-antigen fragment (18 antigen in Py-6, as has been previously noted by the analysis of viral mRNAs (17) and viral proteins (18) , the absence of nuclear fluorescence, and the absence of the large T-antigen function. The latter was demonstrated by the absence of complementation in Py-6 cells of the replication defect of ts-a mutants, which provides a very sensitive test of large T-antigen function (7) .
In the present study, we have shown that, upon infection with polyomavirus encoding a functional large T antigen (helper virus), some of the integrated sequences are amplified and excised and appear, along with the helper virus sequences, in a low-molecular-weight DNA fraction (Hirt supernatant). Since ts-a mutants fail to induce the excision at high temperature, this process appears to be dependent on large T antigen. The Py-6 sequences which are rescued in helper virus stocks contain an intact middle T-antigencoding region, whereas the remainder of the genome is highly rearranged or deleted.
The phenomenon of amplification and excision of integrated viral DNA from nonpermissive cells has been first and mostly studied by Basilico's group with polyomavirus and nonpermissive rat transformed cells. These studies have shown that viral DNA integrated in the host can be amplified and excised from the host sequences (12, 20, 27) , that the viral large T antigen is involved in the process (1, 20, 27) , that a functional viral origin of DNA replication is required (19) , and that the process is favored in cells which contain tandem repeats (4 (2) and others, such as ts-a-3T3 (26) or more recently CYP (25) , that are derived from infections with ts-a mutants. In the latter group, cultivation at high temperature provides a sufficient inactivation of the replication function for cell survival. When cells are shifted to low temperature, the reactivation of the large T-antigen function leads to virus production and cell death. In the case of Py-6, the inactivation of the viral replication function has been noted (7), and no virus is produced even when cells are fused to normal mouse cells (Fluck and Benjamin, unpublished data) . To date, the requirements for excision of integrated viral sequences appear to be as follows: (i) an intact origin of replication provided in cis, (ii) large T antigen provided in trans, (iii) a cellular environment permissive for viral DNA replication, and (iv) viral sequences present as tandem duplication (5). Our results on the superinfection rescue of viral sequences from Py-6 meet these conditions and demonstrate that at least one functional viral origin must be present in Py-6 and that, as expected, large T-antigen can be provided in trans by a helper virus.
Although the rescued viral sequences contain less than a full genome equivalent (4.2 and 4.6 kb), they can be encapsidated, in a manner reminiscent of the formation of VOL. 57, 1986 210 FRIDERICI ET AL.
pseudovirions, and generate genetically defective virions which cannot form plaques but which can infect both mouse and rat cells and induce transformation of rat cells (at least in the presence of hr-t helper) (21) . These virions, which in the present case package up to 1,000 bp less than a genome equivalent, can persist in stocks for many generations, as long as coinfections with the helper virus are allowed to occur. Thus, we have detected Py-6 sequences in eight independent hr-t stocks which were all several generations removed from a Py-6 passage. The persistence of the Py-6 defective virions in stocks of hr-t mutants is similar to the coexistence, in viral stocks, of defective virions with wildtype virus, as has been previously documented (10, 22) . The helper virus thus provides a means to rescue sequences adjacent to a viral origin from their integrated state and to shuttle them to other cell systems.
